Abstract: Solvent casting/particulate leaching has been used to synthesize highly porous polymeric scaffolds of controlled pore size, based on poly(methyl methacrylate) (PMMA) and poly(ε-caprolactone) (PCL). Obtained structures have a total porosity of c. 60%, with good interconnections between the pores. Porous scaffolds prepared using the greatest size of NaCl particles have the best mechanical properties. Both PMMA-and PCL-based materials can be sterilized by ionizing radiation. In the case of PCL-based scaffolds, irradiation causes cross-linking of polymer chains, which leads to an improvement of the mechanical properties of the scaffold. The compressive elastic modulus for non-porous samples increases with irradiation dose from 1.5 MPa for 0 kGy to 1.9 MPa for 280 kGy. Preliminary in vitro studies indicate good biocompatibility of both materials.
Introduction
Restoration of organ function by utilizing tissue-engineering technologies often requires the use of a temporary porous scaffold. The function of the scaffold is to direct the growth of cells migrating from surrounding tissue or the growth of cells seeded within the porous structure of the scaffold. The scaffold must, therefore, provide a suitable substrate for cell attachment, proliferation, and differentiation, in certain cases also cell migration [1] [2] [3] . These critical requirements can be met by selection of an appropriate material for construction of the scaffold, although the suitability of the scaffold may also be affected by the processing technique.
1
Polymers are the primary materials for scaffolds in various tissue engineering applications, including bone and other mineralized tissues. Examples of suitable polymers are non-degradable materials like polystyrene, polyethylene, polypropylene, polyacrylates, poly(methyl methacrylate), poly(hydroxyethyl methacrylate), poly(vinyl alcohol), polycarbonate, and poly(ethylene-co-vinyl acetate) while among the biodegradable polymers the most commonly used are poly(glycolic acid), poly(lactic acid) and their copolymer poly(lactic acid-co-glycolic acid), poly(ε-caprolactone), and poly(hydroxyl butyrate) [4] [5] [6] .
Several methods have been developed for creation of highly porous scaffolds, including fibre bonding, solvent casting/particulate leaching, gas foaming, and phase separation [1, 7, 8] . In this work, solvent casting/particulate leaching technique has been used to synthesize highly porous scaffolds based on poly(methyl methacrylate) (PMMA) and poly(ε-caprolactone) (PCL).
Poly(methyl methacrylate), a non-degradable material, has been used as a selfcuring cement already in the 1960s. It is still one of the standards for cement type prostheses, providing immediate structural support. The clinical use of this bone cement is typically accompanied by some complications. These complications are a result of an exothermic polymerization reaction, which takes place in situ and which has been shown to damage bone tissue. Moreover, the final material is brittle and can undergo shrinkage [9] [10] [11] [12] .
However, PMMA has been described as a perfectly biocompatible material with fibroblastic cells [13, 14] . For this reason, PMMA could also be used as a polished coating on other materials or in bulk form, shaped or moulded, to custom fit a specific clinical need.
Poly(ε-caprolactone), a semi-crystalline, linear, resorbable aliphatic polyester is subjected to biodegradation because of the susceptibility of its aliphatic ester linkage to hydrolysis. The products generated are either metabolised via the tricarboxylic acid (TCA) cycle or eliminated by direct renal secretion [15] [16] [17] [18] [19] . Extensive in vitro and in vivo biocompatibility and efficacy studies have been performed, resulting in US Food and Drug Administration approval of a number of medical and drug delivery devices. At present, PCL is regarded as a soft-and hard-tissue compatible material including resorbable suture, drug delivery systems and recently bone graft substitutes. An interesting property of PCL is its considerably slower degradation than of other aliphatic polyester. For bone scaffolds this can provide good implant bonding and maintaining biological and mechanical integrity [20, 21] .
The objective of the present study is to test the synthesis method for producing porous PMMA-and PCL-based scaffolds of various pore size and to evaluate the mechanical properties of porous scaffolds. It was also our aim to test the suitability of electron beam sterilization and to investigate the influence of irradiation on the mechanical properties of the product. As a preliminary test of the suitability of the products for the intended application, cell attachment onto PMMA powder and PCL pellets was examined by using fibroblast cells.
Experimental part

Materials
Poly(ε-caprolactone) of a nominal number-average molecular weight M n = 8.0·10 4 and weight-average molecular weight M w = 1.3·10 5 , and poly(methyl methacrylate) of M w = 3.5·10 5 were supplied by Aldrich. They were dried under reduced pressure at 40°C before use. All other chemicals used were of analytical grade.
Scaffolds preparation
Sodium chloride (NaCl) (p.a., POCh) grains were ground and divided into five fractions: ≤ 63 µm, ≤ 125 µm, ≤ 250 µm, ≤ 500 µm and ≤ 1000 µm. PCL pellets or PMMA powder were dissolved in acetone. After that, NaCl grains were mixed with the PCL or PMMA solution to prepare a slurry. The slurry consisting of 14.3% (by weight) polymer, 33.3% NaCl and 52.4% acetone was poured into stainless steel cubic-shaped moulds (1.5 cm size) and immersed in water. After 24 h the moulds were removed. To eliminate NaCl, water extraction at room temperature was continued for 14 days. The obtained porous material was dried under reduced pressure at room temperature.
Irradiation
1 g of PCL pellets was placed in a glass tube of 1.2 cm diameter and melted at 60 -65°C. Some samples were saturated with argon and sealed, while others were left in contact with air. The samples were subsequently located in a temperature-controlled vessel at a distance of 160 cm from the electron accelerator (at this distance the beam diameter is large enough to provide uniform dose distribution in the sample). Irradiation was performed either in the solid state at room temperature or in the molten state at 60°C. Irradiation was carried out using a linear accelerator ELU-6E delivering pulses of 6 MeV electrons. Pulse frequency was 20 Hz, pulse duration 4 µs, and dose per pulse 7.5 Gy.
Analytical procedures
Surface morphology of porous scaffolds was studied using an optical microscope (Euromex) equipped with a Canon EOS 50 camera.
The mechanical properties of PCL and PMMA porous scaffolds were analyzed with a Zwick BZ2.5/TN1S universal mechanical testing machine by using cubic specimens (1 cm size), at an upper load limit of 1 kN and a crosshead speed of 1 mm/min. For measurement of mechanical properties of non-porous PCL samples, an Instron 5566 machine was used (cylindrical specimens of 1.2 cm diameter and 1.0 cm height). The compressive modulus was calculated as the slope of the initial linear portion of the stress-strain curve.
Weight-average molecular weights and average radii of gyration of PCL were determined by static multi-angle laser light-scattering (Coherent Innova 90C laser, λ = 514.5 nm; goniometer BI-200SM, Brookhaven Instruments) in tetrahydrofuran (THF) solution. The refractive index increment dn/dc was measured with a Knauer differential refractometer Type 198 at 950 nm. The value obtained for PCL in THF at 25°C was 0.078 cm 3 /g.
Gel content of irradiated PCL was estimated by measuring the insoluble fraction in THF. The gel fractions were calculated as the ratio of the weight of dried gel to the initial weight of the polymer. Gelation dose (D g ) and ratio of scission to cross-linking yields (p 0 /q 0 ) were calculated using the Charlesby-Rosiak method (see Eq.
(1) below [22, 23] ) with the aid of the computer program GelSol [24] .
Fibroblast culture and in vitro studies
Human fibroblasts were used to investigate the biocompatibility of PMMA powder and PCL pellets. The experiments were performed in 96-well polystyrene culture wells (TCPS-tissue culture polystyrene, Corning). The cells were suspended in Dulbecco's Modified Eagle Medium (DMEM; Gibco), supplemented with 10% foetal bovine serum (FBS), 1% L-glutamine, 1% antibiotic-antimycotic mixture (Gibco) and seeded at 3.0·10 3 cells/ml onto sterilized PMMA and PCL. Fibroblasts seeded into wells without polymers served as a positive control. After one day the medium was changed. For the next seven days the cells were maintained in culture medium at 37°C in a humidified atmosphere. At the fixed time, cells viability was determined by means of the XTT assay. This test is used in toxicology and is based on the capacity of mitochondrial dehydrogenase enzymes present in living cells for converting the XTT substrate (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carboxyl]-2H-tetrazolium hydroxide) into a water-soluble formazan product. The final product of the reaction was measured in a spectrophotometer (ELISA reader) at 450 nm.
Results and discussion
Formation and porosity of PMMA and PCL scaffolds
The porosity of scaffolds synthesized by the above described solvent casting/particulate leaching technique can be controlled by the amount of added salt, while the pore size is dependent on the size of salt grains. In this work the amount of salt used to construct the composite material was kept at a constant level (33.3% w/w) determined in preliminary tests to be the most suitable for fabricating scaffolds of desired properties (reasonable balance between porosity and mechanical properties). The size of NaCl grains used in a given preparation had only the upper limit, since the presence of small pores (even much smaller than the cells to be accommodated) was expected to be beneficial in facilitating the transport of gas, water, nutrients etc. in the final application of the product. The effect of NaCl size on the average pore size and mechanical properties of obtained porous scaffolds was investigated. Note that for PMMA scaffolds obtained from salt fraction containing grains ≤ 125 µm and ≤ 250 µm the largest pores are actually bigger than the grains used (Fig.1a,b) . This is probably connected with a tendency of the NaCl grains to aggregate in the presence of trace amounts of water or/and results from the phase exchange process. In the case of PMMA scaffolds prepared using NaCl crystals ≤ 500 µm and ≤ 1000 µm there is only one dominant fraction of pore size (Fig. 1c,d and Fig. 3 ). Similar effects in the pore size distribution can be seen for PCL scaffolds. Scaffolds obtained from salt fractions containing grains ≤ 63 µm and ≤ 125 µm seem to have two main fractions of pore size (Fig. 2a,b) . Samples based on greater NaCl grains have interconnected pores with narrow distribution of average pore diameter (Fig. 2c,d , and Fig. 4) . Certainly, this description does not refer to micropores, too small to be detected by optical microscopy under the applied conditions.
The pore dimensions and interconnectivity are key factors in the structural design of synthetic scaffolds. It has been shown that pore diameters between 15 and 50 µm induce fibrovascular growth. Consequently, structures with pores between 100 and 500 µm stimulate differentiation into fibroblasts and bone cells [25] . 
Mechanical properties
Generally the deformation of PMMA scaffolds under compressive loading reveals viscoelastic behaviour (Fig. 5) . Interesting results are the elastic properties of PCL structures obtained from salt fractions containing grains ≤ 63 µm and ≤ 125 µm (Fig.  6 ). PCL scaffolds prepared using fractions of NaCl grains ≤ 250 µm and ≤ 500 µm reveal viscoelastic behaviour similarly to PMMA structures (Fig. 6 , blue and green curves). Compressive elastic moduli for PMMA and PCL structures are given in Tab. 1. As can be seen in both cases the compressive modulus increases with increasing size of NaCl grains applied to prepare scaffolds. Porous PMMA structures are much more rigid and stiff than those of PCL, which are more flexible. It is noteworthy that porous scaffolds prepared using sodium chloride particles of the greatest size have the best mechanical properties and very good interconnections between the pores. 
Irradiation
All medical devices are sterilized before use. Ionizing radiation has many advantages over other sterilization methods like heat or ethylene oxide and this leads to a constantly increasing application of this technique in large-scale sterilization of medical products. For this reason, the influence of electron beam irradiation on PCL samples was studied in some details.
The weight-average molecular weight (M w ) of PCL increases with the absorbed dose of ionizing radiation, as seen in Fig. 7 . This indicates that intermolecular cross-linking is the dominant process induced by irradiation. Under EB radiation reactive intermediates are formed on PCL molecules, leading in very short time to the formation of free radicals along the polymer chains. These in turn may undergo mutual recombination, causing cross-linking of macromolecules. Another proof of the cross-linking process is shown in Fig. 8 . It can be seen that an increase in absorbed dose leads also to an increase of radius of the gyration (R g ) of individual macromolecules, which is an expected effect of polymer chains becoming linked together. The yield of intermolecular cross-linking for PCL samples depends on the irradiation conditions. The increase in molecular weight is more efficient for PCL irradiated in molten state than at room temperature. At 25°C the polymer contains crystalline and amorphous fractions. Cross-linking is less probable in the crystalline phase. At 60°C PCL is converted from the crystalline to the completely amorphous, molten state. In these conditions polymer chains are more flexible and able to reorientate. This facilitates reaction between two radicals located on different polymeric chains or on distant segments of the same chain.
Moreover, the efficiency of cross-linking is higher when PCL samples are irradiated in argon atmosphere. This is expected, since in the presence of oxygen chain scission reactions initiated by peroxyl radicals would play an important role, effectively competing with cross-linking.
The first effect of ionizing radiation on PCL is an increase of M w and the average size of macromolecules. A sudden change occurs at a point where an insoluble gel fraction appears. The dose required to reach the gel point is called gelation dose (D g ). Further irradiation increases the gel fraction in the system.
The parameters characterizing the formation of gel in PCL samples were determined by the Charlesby-Rosiak equation [22, 23] 
where p 0 /q 0 is the ratio of scission to cross-linking yields, D v is the virtual dose necessary to obtain the most probable molecular weight distribution and D g is the gelation dose. The absorbed dose D and the corresponding sol fraction s are two variables in the gelation experiment. Influence of irradiation on mechanical properties of solid (non-porous) PCL samples is shown in Fig. 9 . The compressive stress-strain response of bulk, solid PCL indicates typical viscoelastic behaviour. Polymer samples undergo high compressive strain remaining unbroken. The compressive elastic modulus increases with irradi-10 ation dose from 1.5 MPa for 0 kGy to 1.6 MPa and 1.9 MPa for 20 kGy and 280 kGy, respectively. These changes are due to the network structure of PCL chains formed by cross-linking.
Performed studies on the influence of EB irradiation on PCL samples showed that PCL-based scaffolds can be sterilized by ionizing radiation. Irradiation causes crosslinking of polymer chains, which leads to an improvement of the mechanical properties of the scaffold. However, for the recommended value of sterilization dose (25 kGy) these changes are relatively small.
Studies by Darwis et al. [26, 27] on PCL in different states resulted in higher gel doses than reported in this work. For PCL irradiated in vacuum they obtained a gel dose of 152.8 kGy at room temperature and 67.3 kGy for molten polymer (80°C). In this study formation of the gel fraction took place at lower doses as shown in Tab. 2. These differences are probably due to different dose rates and initial molecular weight of the polymer. Darwis et al. used gamma-rays ( 60 Co source) at a dose rate of 2.7 Gy/s, while in this work irradiation was carried out using a linear accelerator with an average dose rate of 150 Gy/s. PCL used in their experiment had M w = 2.2·10 5 , i.e., higher than our PCL sample (1.3·10 5 ). It appears that irradiation at higher dose rates promotes cross-linking, which is expected, since it leads to higher radical concentration and in such conditions recombination competes more effectively with oneradical reactions like chain scission. The influence of molecular weight is less clear. In principle, if the net cross-linking yield is equal in both cases, less energy is needed to cross-link a system with higher initial molecular weight. However, it is not excluded that the cross-linking yield is higher for shorter, more flexible chains.
Up to now, only very limited data have been available on the molecular weight distribution in the pre-gelation region of γ-irradiated PCL, measured by gel permeation chromatography [28, 29] . As shown in these papers, GPC elution curves shifted to a higher value indicating that an increase in molecular weight occurred during irradiation. Like in this work, the changes of molecular weight reported in the previous papers are rather small in the dose range between 0 and 25 kGy.
In this paper the data on cross-linking are also supported by measurements of changes of the average size of single PCL macromolecules before the gel point, measured by light-scattering. 
Biocompatibility test
The results of tests of fibroblast vitality on PMMA powder and PCL pellets are shown in Fig. 10 . These data allow concluding that PMMA is highly biocompatible and supports growth of fibroblast cells. Also the somewhat lower value of vitality of cells as obtained for PCL material (≈ 80% compared to the control polystyrene surface) is in the acceptable range. Human fibroblast cell culture showed that both polymers can be used as a material for the construction of bone scaffolds.
Conclusions
Poly(methyl methacrylate)-and poly(ε-caprolactone)-based porous scaffolds with different microarchitecture were developed using a solvent casting/particulate leaching technique. All samples were highly porous with good interconnection between the pores. At constant porosity, samples obtained by using NaCl grains of largest size were of highest mechanical strength. Porous PMMA scaffolds were much more rigid and stiff than those made of PCL.
PCL scaffolds can be sterilized by ionizing radiation. This treatment causes crosslinking of polymer chains leading to an improvement of mechanical properties. However, the changes are relatively small.
Human fibroblasts culture showed that the biocompatibility of PMMA matrix is very good and that of PCL, although somewhat lower, is in the acceptable range.
